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1. Overview

This work has resulted in a number of publications that detail a complete model of the
coherent motions and their interactions. Initial experiments to explore ways to modify the key
aspects of the turbulence production mechanism were made. We attempted to make change in
the evolution of isolated simulated features as well as in the fully turbulent layer.
Unfortunately the understanding of the difficulties expressed by the statement in the proposal
"we do not expect that optimal controls will be discovered", were underestimate. The problem
of quantifying the sensitivity of specific turbulence mechanisms to controls by making direct,
fixed, local modifications turns out to be much more difficult than anticipated. To make
progress with this approach, which we now feel will only work on simulations, one needs
significantly more resources. We knew this going in, and therefore focused on the pocket
vortex as the most likely mechanism that controls could be applied to. Using the structural
picture of Falco (see 1991 Proc Roy Soc., and earlier references given below), we focused on
reducing the spreading rate of this vortex.

The two mechanisms that are operative and that contribute to the spreading of the pocket
vortex are viscous shear, and inviscid stretching (due to the presence of the wall). We
attempted to change both the shear and the strength of the 'mirror image' effect in the
experiments performed.

The proposed phased momentum bursts proved too difficult for us to implement. The bottom
line was that for all three 'stages’ of the proposed program -- the simulation, the water tunnel
LIPA runs, and the wind tunnel boundary layer vorticity probe studies -- changes were
visually observed to occur (often with the smallest perturbations we could generate), but the
changes that occurred always seemed to result in different evolutions from instant to instant
even though the same perturbation was applied.! This frustrated our attempts to quantify the
changes. With the scatter in the response 5o large, we would need to analyze literally
thousands of LIPA grids. Since during this time period we were evaluating grids by hand, this
was simply not possible to do. In addition, during the course of doing this we discovered from

lwith hindsight this is not so surprising since the purtubations are applied to a specific
location, but the events to be modified pass that loaction with randon positioning in the
turbulent boundary layer. However, in the ring/wall simulations we had reasonable hope to do
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our wind tunnel experiments that the length of hot-wire record necessary to get convergence
of vorticity statistics in an unperturbed boundary layer was sn long that convergence was poor
in a natural bouﬁary layer JFM 219, 1990). The 1/2 million data points that we discovered
were needed for 5% accuracy effectively made the use of LIPA for this purpose unrealistic.
(It should be noted that this signal length was 100 times longer than previously reported for
free shear layers.) Thus, the additional significantly greater variance observed when
modifications where introduced would also make it essentially impossible to see the effect of
the controls -- even in air. Thus, the only way we could follow this line of attack was with a
drag balance, which we did not have.

This understanding led to a different approach. We went back to flow visualization in the
fully turbulent boundary layer in 2ir, and applied some controls two-dimensionally. This has
three advantages. We get area intormation, we get Lagrangian information and we apply the
perturbation in a similar way to a large number of pocket events. The controls applied were
attempts to address both the viscous and the inviscid mechanisms that lead to vortex
stretching. Small separated regions of the order of the viscous sublayer in thickness and of the
order of hundreds of viscous lengths long were made using micro rearward facing steps. Flow
visualization of the formation of pockets was studied. Results (the Thesis of S.-C. Yoo, see
below) showed that the number of pockets has decreased significantly.

Perhaps the most successful inroads we have made into understanding how to determine to
sensitivity of the turbulent boundary layer production mechanisms is summarized by the
scaling shown in figure 1 ( taken from the proceedings of the Royal Soc Lond A, 336 see
below). I asked the question, "statistically what should the momentum and time scales of a
momentum perturbation be if I am going to precisely alter the essential coherent motions? It
would have to be the characteristic momentam and time scales of these motions. If I could
find those scales, and if they are the important Reynolds stress producing scales, then
boundary layer statistics such as the turbulence intensities and Reynolds stresses would show
similarity (i.e. collapse) when normalized by them. Figure 1 shows that we have found those
scales (in the inner region). This has been done, for the first time, using coherent motion
ideas. The results are very convincing. We now have a handle on these quantities. This
collapse allows us to predict intensities and Reynolds stress magnitudes. From the point of
view of control we now know, on a statistical basis, how much momentum to use in a control
scheme, and for how long to apply it. for any Reynolds number and position in the layer. An
exp:rimental program could be initiated again using these quantities, but it would have to be
applied over a large enough area to get a statistical result ( basically it must be done on a large
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plate attached to a drag balance). Fﬁrthermorc, using this modeling we can now study some
aspects of the sengitivity of the controls analytically. For example, if we make the Typical
Eddy scale smaller, say, by 5%, or the Typical Eddy faster than nature makes it in a normal

boundary layer at a given Reynolds number, we can determine how much less Reynolds stress
we will have.

We have gone a step further. The very recent PhD work of K. Pan (March 1992), which is an
essential piece of information, especially if control is to be handled statistically, finally was
completed in March 1992. It provides us with statistics on the scales and probability of phase
relationships of the Typical Eddies, the long streaks and the pockets (which give us
information on both the pocket vortices and primary hairpin vortices). If an area sensing array
could be fabricated, correctly phased trains of input could be introduced, and statistically we
could distribute momentum slugs of the right magnitude and duration to have a statistical
match with the coherent structures. The results of tweaking the 'knobs" of this analog
computer would be fascinating. '
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Coherent structure model of turbulent boundary layers
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Figure 16. (a) The rms streamwise fluctuation (u’) distributions over a wide range of Reynolds
numbers, normalized using u, and v/u,. 8, %, a, R, = 1010, 2870 and 4850 (Klewicki & Falco
1990); A, R, = 1340 (Purtell et al. 1981); %, R, = 8000 (Klebanoff 1955); 0.4, ®. R, = 18300, 28600
and 39000 (Petrie et al. 1990). (b)) The rms streamwise fluctuation (u’) distributions over a wide
range of Reynolds numbers, normalized using u,,, and C,. Symbols are the same as in figure 10a.
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Figure l‘) {a) The Reynolds stress {u'v") distribution over a factor of 15 in Reynolds number,
normalized using u?, v/u,. 8. X, a, Ry = 1010, 2870 and 4850 (Klewicki & Falco 1990): s, R, = 8000
(Klebanoff 1955); &, R, = 14500 (Bradshaw & Morrison 1988). (b)) The Reynolds stress (u'v’)

distribution over a factor of 15 in Reynolds number, normalized using u},. and C,. Symbols are the
same a8 in figure Ita.

again we see that the overlap region (as defined by the law of the wall for the mean
flow) is much better accounted for by these length and velocity scales. In addition,
the fully turbulent portion of the bcundary layer is also very well accounted for. A
universal power law relation also exists for the Reynolds stress, over approximately
the same range as found for rmsu. The power law region is fitted by

u'v')/uf, = 1.69(y/C,)* 1.

The collapse in the near wall region, with about the same accuracy as achieved
using wall variables, is again suggesting that the T influence is as important as the
wall scales to within a few viscous units from the wall. The fact that both the rmsu
and Au'v’) didtributions. which are significantly different in form (when normalized
by the classical wall coordinates), can be collapsed by the TE scales from the wall
region through the fully turbulent region (where the wall scaling fails) suggests the
importance of the TE to boundary-layer dynamics.

Phil. Trans. R. Soc. Lond. A (1991)




